The polarographic reduction of halothane on silver cathodes was studied. Silver catalyses the reduction of halothane: two electrons are exchanged in the reduction process. Experiments using a rotating disc electrode showed a linear relationship between observed current and halothane concentration. A Silastic membrane-covered polarographic electrode was constructed using a silver cathode which gave a good linear response to changes in halothane concentration over the range 0-5% v/v halothane in nitrogen. Oxygen interferes with the measurement of halothane, but can be removed from a gas sample before analysis.
Recent publications have emphasized difficulties which may be encountered when oxygen is measured with oxygen electrodes in the presence of anaesthetic agents. Halothane and nitrous oxide have been selected for investigation, since they are the two most commonly used anaesthetic gases.
In 1971 Severinghaus and others described a halothane interference signal which was superimposed on the true Po 2 signal from a Clark electrode. Their results were confirmed by Dent and Netter in 1976 , and interest in this effect has increased with the use of in vivo Po 2 measurements. Bates, Feingold and Gold (1975) reported that some commercial Po 2 in vivo catheter electrodes register a signal with halothane, and Stosseck (1977a, b) and Gflthgen and Jacobsen (1978) have reported the effect of halothane on transcutaneous Po 2 electrodes. More recently, McHugh, Epstein and Longnecker (1979) described how halothane can increase the oxygen signal from an in vivo tissue Po 2 electrode. These warnings reinforce the comments of Douglas and others (1978) who emphasized that commercial blood-gas analysers may also be affected by halothane, and that they should be checked for this apparently random effect.
We have studied the nitrous oxide interference effect and have shown the cause to be silver contamination of gold or platinum Po 2 cathodes from the silver/silver chloride reference electrode (Albery et al., 1978) . Silver catalyses the reduction of nitrous oxide in a polarographic cell and thus contaminated electrodes may give falsely high Po 2 readings when used in the presence of nitrous oxide. This is the origin of the dangerously high errors described by Evans and Cameron (1978) for blood Po 2 analysis in the presence of nitrous oxide and for the equally dangerous over-reading of the oxygen gas analyser described by Pieman, Roizen and Severinghaus (1979) . However, the catalytic effect of silver on nitrous oxide reduction has been incorporated in the development of an electrode which will measure simultaneously oxygen and nitrous oxide in either blood or gas samples (Brooks et al., , 1980 Hahn et al., 1979) . Despite concern about such errors induced by anaesthetic agents there has been little investigation of the electrochemical reduction of halothane. A search of the literature revealed only three publications (Smirnov, 1962 (Smirnov, , 1963 Gol'din et al., 1972) . These studies were concerned with halothane reduction on the dropping mercury electrode and are of little relevance to clinical problems. We investigated the nature of halothane interference and found that silver contamination is again the catalyst for halothane reduction, and is the cause of interference. We suggest methods of preventing halothane interference and describe how halothane concentration may be measured by polarography.
METHODS

Rotating disc electrode studies
The rotating disc electrode (Albery, 1975; Hahn, Davis and Albery, 1975) was used in the initial experiments to study the electrochemical reduction of halothane. An outline of the electrode and the flow of solution towards the electrode (imposed by its rotation) is shown in figure 1 . A standard disc potentiostat with a ramped potential source and current follower (Kalvoda, 1975; Albery et al., 1978) was used with the rotating disc electrode (RDE). The reference electrode was a saturated calomel electrode.
The RDE polarographic limiting current is given by the Levich equation (Levich, 1962) :
where n = number of electrons transferred Thus the limiting current of a well-defined reaction is proportional to the bulk concentration of the reactant and also to the square root of the electrode rotation speed.
The role of the electrode material was investigated using platinum and silver disc electrodes and polarograms were obtained as described previously (Albery et al., 1978) . Potassium hydroxide electrolyte 1 mol litre" ' equilibrated with 3% v/v halothane in nitrogen from a Penlon-Oxford miniature halothane vaporizer. The reaction cell was thermostatically controlled at 25 °C, and the rotation speed was 12.9 Hz.
The polarograms obtained suggested that further investigation of the halothane reduction reaction would be useful, and a Draeger halothane vaporizer was used thereafter to obtain quantitative results. The effect of the rotation speed on the electrode limiting current was investigated by obtaining polarograms for the silver disc at different rotation speeds in the range 4.5-42.5 Hz.
Incidental studies, which yielded the solubility of halothane in potassium hydroxide 1 mol litre" ' solution and the halothane diffusion coefficient in the same solution, are described in Appendices A andB.
Reduction products study
The halothane reduction products were found by reducing a solution of potassium hydroxide 1 mol litre ' equilibrated with 5% v/v halothane, for 18 h using the RDE cell. The reduced solution was then analysed for halide ions.
Membrane electrode studies
A Clark-type electrode with a silver wire cathode (Clark, 1956 ) was constructed for the membrane electrode studies. The electrode was designed to fit a standard Radiometer electrode (E5046) holder, and was inserted to the Radiometer D616 cuvette. The overall dimensions of the electrode are shown in figure 2 (silver cathode 50 urn diam.; Araldite type MY753/HY951). The electrode membrane material must be permeable to halothane. The membranes investigated were: Teflon (Radiometer D602,12 urn); polypropylene (Radiometer D604, 25 urn); silicone film (Radiometer D606, 25 um) and Silastic rubber (Instrumentation Laboratories 56280, 75 um). The IL Silastic rubber tended to stick to the electrode tip and a thin nylon mesh spacer (Radiometer, D696) was inserted between the membrane and the electrode tip. The cuvette was maintained at 37 °C and air, nitrogen and 5% v/v halothane in nitrogen polarograms were recorded for the electrodt covered by each of the membranes.
The linearity of the electrode was tested using the Silastic membrane by comparing polarograms obtained for nitrogen, air, and 1,2,3,4 and 5% v/v halothane in nitrogen mixtures.
RESULTS AND DISCUSSION
Rotating disc electrode studies decomposes at a potential before the halothane reduction becomes transport-limited. On the silver electrode, the halothane reduction effect commences earlier, at approximately -300 mV, and the current is transport-limited for potentials more negative than -700 mV. Figure 4 shows halothane reduction polarograms with silver electrodes at different rotation speeds. The background current measured in the absence of halothane is also shown (polarogram f). Figure 5 shows the RDE limiting currents, corrected for the background current, plotted 60 40 20 against the square root of the rotation speed. The limiting current varies linearly with W* as predicted by the Levich equation (1), although the intercept was not zero.
Reduction products
The products of the reduction process were determined by acidifying the solution obtained from the overnight electrolysis with dilute nitric acid to prevent precipitation of silver oxide. The mixture was tested with silver nitrate solution. A white precipitate was observed and found to be soluble in concentrated ammonia solution. This indicated the presence of bromide ions (Vogel, 1979) , and showed that the reduction process involved carbon-bromine bond cleavage. We suggest therefore that the reaction is a twoelectron reduction:
Ag The bond split in the reaction is almost certainly the C-Br bond since bromide is detected as a reaction product. The silver electrode may have a particular affinity for Br, and such a mechanism is consistent with that of Gol'din and others (1972) . Further analysis of our results supporting the suggested reduction process, will be presented in the electrochemical literature.
Membrane studies
Only the silicone film and Silastic membranes were found to be permeable to halothane. The polarograms for nitrogen and 5% v/v halothane in nitrogen were indistinguishable for electrodes fitted with Teflon or polypropylene membranes. The current sensitivity for an electrode covered with the silicone film membrane was 3.9 nA per % v/v halothane. The oxygen sensitivity for the same electrode covered with the same membrane was 0.74 nA per % v/v oxygen. The corresponding sensitivities for an electrode fitted with the Silastic membrane were 2.9 nA per % v/v for halothane and 0.52 nA per % for oxygen. Thus, the sensitivity ratio halothane: oxygen is 5.2 for silicone film and 5.6 for Silastic. Since four electrons are involved for oxygen reduction and only two for halothane reduction, the permeability ratios halothane : oxygen for silicone film and Silastic rubber are 10.5 and 11.2. Figure 6 shows a plot of the silastic membranecovered electrode current against halothane concentration. The electrode gives a good linear response (correlation coefficient = 0.998) to changes in halothane concentration in the absence of oxygen.
Implications for blood-gas measurement
Results with the rotating disc electrode suggest that the polarographic reduction of halothane is catalysed by silver. Gold or platinum cathodes used in commercial membrane-covered oxygen electrodes may be contaminated with silver by electrodeposition. The silver contaminant originates from the silver/silver chloride reference electrodes which are invariably used in these electrodes (Albery et al., 1978) .
Although some membranes show a greater permeability to halothane than to oxygen, others are virtually impermeable to halothane. Recent studies by Fielding and Salamonscn (1979a, b) show that the permeability coefficients for halothane in common membrane materials increase in the order: PTFE < polypropylene < polyethylene <| silicone rubber. Our studies also demonstrate a greater permeability of silicone rubber compared with PTFE or polypropylene.
The permeability coefficient of a polymer, Pm, is given by the product of the solubility, a m , and the diffusion coefficient, D m . Fielding and Salamonsen (1979b) quote a value of D m (37 °C) = 2.5 x 10~ 6 cm 2 s~ ' for halothane in silicone rubber. This can be compared with a value quoted by Crank and Park (1968) for oxygen in silicone rubber: D m (37°C) = 1.9xl0-5 cm 2 s-'.
Although these values refer to different samples, it is probable that the diffusion coefficient for oxygen is greater than that for halothane since halothane has a greater molecular mass than oxygen. The greater permeability coefficient for halothane in silicone rubber thus reflects a greater solubility coefficient for halothane than for oxygen. Our results show that a conventional silver cathode Po 2 electrode covered with a suitable polymer membrane such as silicone film may be used to measure halothane concentration in the absence of oxygen. The difficulty is to measure halothane in the presence of oxygen, since the halfwave potentials for oxygen and halothane are close (E i (O 2 )= -0.425 V v. Saturated Calomel Electrode (SCE) and E± (halothane) = -0.565 V v. SCE), and the two polarographic waves show considerable overlap. Therefore, if halothane is to be measured in the presence of oxygen, the oxygen must be physically removed from the gas samples so that the silver cathode measures only halothane. This could be achieved for gas samples by removing the oxygen from the gas stream before the electrode chemically or electrochemically, but it is difficult to envisage how this could be achieved for blood samples.
We conclude that: (a) Halothane can be quantitatively reduced on a silver cathode. (b) Silver contamination of platinum or gold cathodes is the source of the halothane errors previously encountered with conventional Po 2 electrodes. (c) If conventional Po 2 electrodes, whether of the in vitro, in vivo or transcutaneous type, are to be used in the presence of halothane, it is recommended that a membrane which is impermeable to halothane is used to cover the electrode. Although this measure will eliminate halothane interference, a silver-contaminated cathode will still reduce nitrous oxide, and thus introduce a nitrous oxide interference effect. (d) A silver cathode electrode, covered with a halothane-permeable membrane, can be used to measure the concentration of halothane in a gas provided oxygen is removed from the sample.
APPENDIX A Although the solubililty of halothane in water is known Steward et al., 1973) no data are available for solubility in potassium hydroxide solution 1 mol litre* '. This was determined from the limiting current observed with this electrolyte using the following technique: 64 cm 3 of distilled water was placed in the RDE cell and equilibrated with 4% v/v halothane in nitrogen. Simultaneously, 16cm 3 of potassium hydroxide 5 mol litre ~ ' was deoxygenatcd using pure nitrogen. The halothane supply to the RDE cell was then removed and the deoxygenatcd potassium hydroxide 5 mol litre"' quickly added to the halothane solution in the cell. The limiting current observed at the electrode was then recorded on a Y-t recorder until a steady value was observed. Finally, to ensure equilibration, the solution was re-equilibrated with 4% halothane and the current again recorded.
At the time of mixing (t = 0) the solution (now 1 mol litre" ' in potassium hydroxide was supersaturated with halothane and corresponded to a 3.2% halothane in water solution (allowing for the dilution of halothane on mixing). The current at t = 0 was i 0 . The final current, i x > corresponded to a 4% solution of halothane in potassium hydroxide 1 mol litre" '. Thus, 
In 4 APPENDIX B The solubility ratio (H,O : KOH 1M) for halothane was found to be 1.85. The Ostwald solubility coefficient for halothane in water, /H 2 O, is given by Steward and others (1973) as 0.8 at 37 C. The enthalpy of solution is given by Allott and others (1973) as -34.6 ±3.5kJ mol"'. Thus the solubility coefficient of halothane in water at 25 C is 1.37 ±0.07.
We therefore calculate from equation (2) 
gives the value of the diffusion coefficient from the gradient of the i -W 2 plot. Assuming that n, the number of electrons transferred, is 2, this gives the value of D =6.0±0.5xl0 Ws"'.
MEDICION POLAROGRAFICA DEL HALOTANO
SUMAKIO
Se estudio la reduccion polarografica del halotano en catodos de plata. La plata cataliza (a reduccion del halotano: en el proceso de reduccion se intercambian dos electrones. Los experimentos en los que se hizo uso de un electrodo en forma de disco giratono mostraron una relacion lineal entre la corriente observada y la concentracion del halotano. Se construyo un electrodo polarigrafico cubierto por una membrana silastica y hsciendo usp de un catodo de plata el cual presento una buena respuesta lineal ante los cambios de la concentracion de halotano, en la gama de 0-5% v/v de halotano en nitrogeno. La presencia de oxigeno interfiere en la medicion de halotano pero puede extraerse de una muestra de gas antes de efectuar el analisis.
